C hronic kidney disease (CKD) is a major problem that affects 13% of the US population.
Hypertension
July 2014 kidney disease 6, 7 ; however, these drugs have not been proven to reduce cardiovascular morbidity and mortality in patients with CKD. 8 These medications partially suppress RAAS activation and can result in aldosterone escape 9 or the ongoing induction of aldosterone production. As a result, experimental studies are seeking to understand whether more complete suppression of the RAAS with aldosterone blockers or MRBs can improve cardiorenal outcomes. This recognition has also motivated evaluation of serum aldosterone as a risk marker and potential therapeutic target especially in patients with CKD.
Activation of the RAAS has been hypothesized to explain some of the racial disparities observed in the incidence of hypertension, left ventricular hypertrophy, end-stage renal disease (ESRD), and CHF. In particular, the higher rate of hypertension-related complications seen in blacks including CKD, CHF, and death may be attributed to greater activity of downstream mediators of the RAAS including angiotensin II and aldosterone. 10 The International Society on Hypertension in blacks consensus statement suggests that blacks may be particularly susceptible to the effects of RAAS activity and may have an improved response to RAAS blockade compared with whites. 11 Limited studies, however, have evaluated systematically whether aldosterone is a risk factor for death and cardiorenal complications in a racially diverse cohort of CKD participants. We hypothesized that elevated aldosterone concentrations would be an independent risk factor for death, ESRD, incident heart failure, and atherosclerotic events among CKD participants. In addition, we hypothesized that this association would be stronger in blacks compared with whites.
Methods

Study Population
The Chronic Renal Insufficiency Cohort (CRIC) study is a large, multicenter, multiracial, cohort study established to understand the progression of cardiovascular and renal disease among individuals with CKD. The study enrolled subjects between June 2003 and September 2008 and was designed to include a racially and ethnically diverse group of adults. Participants who were between 21 and 74 years and had an estimated glomerular filtration rate (eGFR) between 20 and 70 mL/min per 1.73 m 2 were eligible for the study. The age and eGFR criteria were specifically designed to facilitate evaluation of the progression and implications of CKD across a wide spectrum of mild-to-moderate kidney dysfunction and age. Approximately 20% of participants had an eGFR between 60 and 70 mL/min per 1.73 m . Specific details on recruitment and design have been published previously. 12 The study complies with the Declaration of Helsinki. The institutional review boards at all participating centers approved the study protocol, and study participants provided written informed consent.
In brief, CRIC recruited 3939 men and women aged 21 to 74 years. The participants underwent extensive clinical evaluations at study entry during annual research clinic visits and via telephone interviews midway between clinic visits. Of the 3939 participants enrolled at baseline, we excluded individuals with insufficient blood specimens for aldosterone measurements (n=73), resulting in a final study sample of 3866 participants. Information on baseline confounders was obtained during the initial visit and included sociodemographics, lifestyle risk factors, medical history, and medication use. Blood pressure, 13 anthropometrics, ankle-brachial index, 14 and other clinical variables were collected using standard protocols. Blood was obtained from participants in the fasting state. Measurements were made of creatinine, cystatin C, sodium, potassium, total cholesterol, low-density lipoprotein, triglycerides, albumin, hemoglobin, serum calcium, phosphate, N-terminal pro-B-type natriuretic peptide (NT-proBNP), and fibroblast growth factor 23 (FGF-23). Twentyfour-hour urine samples were obtained, and urine sodium, potassium, albumin, and creatinine were measured.
Measurements
Most measurements were performed at a central laboratory at the University of Pennsylvania. Aldosterone was measured using an ELISA kit (BioVendor, www.biovendor.com) from baseline EDTA specimens, which were collected in the fasting state and stored at −70°C until 2010. All measurements were made after a single thaw. Our estimates of the intra-assay and interassay coefficients of variation ranged from 6.5% to 8.7%. NT-proBNP was measured using a chemilluminescent microparticle immunoassay (www.roche-diagnostics.us) on the ElecSys 2010. The values ranged from 5 to 35 000 pg/mL, and the coefficient of variation was 9.3% at a level of 126 pg/mL and 5.5% at 4319 pg/mL. FGF-23 was measured in duplicate using stored baseline plasma samples and a C-terminal ELISA (Immunotopics). The coefficient of variation was 7.6%. 15 Finally, hemoglobin was measured directly at the laboratory of each CRIC Study clinical center. eGFR was calculated from serum creatinine and cystatin C using the CRIC-based equation.
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Outcomes
The outcomes included all-cause mortality, ESRD, incident CHF, and incident atherosclerotic events. Deaths were ascertained from next of kin, retrieval of death certificates or obituaries, review of hospital records, and linkage with the social security death master file. Study participants were queried for the development of ESRD and cardiovascular events at annual follow-up visits and via semiannual telephone interviews. ESRD was defined as initiation of dialysis or kidney transplantation. The cardiovascular outcomes included first hospitalization for heart failure or first atherosclerotic event, including hospitalization for myocardial infarction, cerebrovascular accident, or peripheral vascular disease. An adjudication committee reviewed all relevant medical records and interviews to ascertain these outcomes based on well-defined criteria that have been described previously. 12 All outcomes occurred between enrollment and March 31, 2011.
Statistical Methods
We first described the baseline characteristics of CRIC participants across aldosterone quartiles. Continuous variables were analyzed by ANOVA and nonparametric methods for skewed variables. Categorical variables were analyzed by the χ 2 test. Separate multivariable-adjusted Cox proportional hazards models were used to assess associations between aldosterone and each outcome: death, ESRD, CHF, and the atherosclerotic end point. For the analysis evaluating the risk of incident CHF and atherosclerotic events, participants with baseline cardiovascular disease and heart failure were excluded. Death was considered as a censoring event when it was not the outcome. Quadratic splines were used to explore potential nonlinearity between the log-transformed aldosterone and the outcomes of interest. 17 Aldosterone was modeled as a continuous variable, and hazard ratios (HRs) were calculated per SD increment of the log-transformed variable. Aldosterone was also categorized into quartiles with the lowest quartile defined as the reference group.
Multivariable analysis was performed for each outcome adjusting for covariates that were potentially confounders or mediators of the association between aldosterone concentrations and cardiorenal outcomes. Adjusted models included the following covariates: demographics (age, sex, and race), clinical center, and cardiorenal risk factors including blood pressure, diabetes mellitus, eGFR, and proteinuria (24-hour urine specimen). We also adjusted for prevalent cardiovascular disease (history of coronary artery disease, heart failure, peripheral vascular disease, and stroke) for the death and ESRD outcomes. Additional adjustment for urinary sodium, urinary sodium-to-potassium ratio, serum potassium, serum albumin, hemoglobin, and NT-proBNP was also performed. Medications known to by guest on May 1, 2017 http://hyper.ahajournals.org/ Downloaded from affect RAAS regulation including ACE inhibitors, ARBs, MRBs, loop diuretics, and statins were added to the multivariable model. FGF-23 was included in the ESRD analysis. The proportional hazards assumption was met based on cumulative Martingale residuals. We tested for interactions between aldosterone and sex, race, level of eGFR (<45 and ≥45 mL/min per 1.73 m 2 ), use of medications that affect RAAS regulation (ACE inhibitors, ARBs, and MRBs), and use of loop diuretics for each of the outcomes assessed in this analysis. We also performed a prespecified, stratified analysis by race for each of the outcomes. Analyses were performed using SAS 9.2 (SAS Institute Inc, Cary, NC). All statistical tests were 2 sided, and P<0.05 were considered significant.
Results
Among the 3866 participants, the mean age was 58±11 years, 45% were women, and 42% were black. Approximately one third of CRIC participants had a history of cardiovascular disease at the baseline visit. The median aldosterone concentration was 102.1 (25th-75th percentile, 71.6-152.9) pg/mL ( Figure) . The mean eGFR was 45±17 mL/min per 1.73 m 2 , and median level of proteinuria was 0.186 (25th-75th percentile, 0.073-0.92) g per 24 hours.
Compared with participants in the lowest aldosterone quartile, those with higher levels were more likely to be men, white, had a lower eGFR, greater proteinuria, a lower urinary sodium, higher urinary potassium, less likely to be taking an ACE inhibitor, ARB, or statin, more likely to be taking a MRB or loop diuretic, and had higher levels of NT-proBNP, FGF-23, and phosphate (Table 1 ). In the subgroup that was not taking an ACE inhibitor, ARB, or MRB, aldosterone concentrations were associated with most of the same baseline characteristics (Table S1 in the online-only Data Supplement); in addition, they correlated with hypertension, lower LDL, and higher heart rate. There was no association between serum aldosterone level and coronary artery disease, heart failure, or diabetes mellitus.
During a median follow-up of 5.4±1.6 years, there were 587 deaths, 743 ESRD events, 187 incident CHF cases, and 177 incident atherosclerotic events. The annual rates of death and ESRD were 2.8% and 3.9% in the entire study cohort, respectively. We used splines to estimate the risk of each adverse event across aldosterone concentrations (log-transformed).
Although the test of linearity for each of the spline functions was significant, we evaluated aldosterone both as a continuous and categorical variable.
Serum aldosterone concentrations were not associated with death or the composite atherosclerotic end point in either the unadjusted or adjusted analysis (Table 2) . Among the 2571 CRIC participants without a history of cardiovascular disease at baseline, serum aldosterone concentrations were associated with the development of heart failure in unadjusted analysis. Further adjustment for demographics (age, sex, and race), clinical center, cardiorenal risk factors (diabetes mellitus, blood pressure, eGFR, and proteinuria), urinary and serum factors (urinary sodium, urinary sodium-to-potassium ratio, hemoglobin, serum albumin, serum potassium, and NT-proBNP), and medications (ACE inhibitors, ARBs, MRBs, loop diuretics, and statins) resulted in a 21% higher risk of heart failure per SD increase in log aldosterone (Table 2 ). Furthermore, in categorical analysis, the highest aldosterone quartile was associated with a 50% greater risk of heart failure compared with the lowest quartile; however, this association was attenuated to a 36% higher risk in multivariable analysis and nonsignificant. The risk of ESRD was also higher as aldosterone concentrations increased in unadjusted analysis. We detected a 14% higher risk per SD increase in the log-transformed aldosterone levels and a 60% higher risk in the highest aldosterone quartile. These estimates for ESRD risk were attenuated substantially after multivariable adjustment for potential confounders including FGF-23 and did not maintain statistical significance.
Interaction Testing and Subgroup Analysis
In the evaluation of incident heart failure, we did not detect an interaction between aldosterone and race (P interaction >0.10). Subgroup analysis, however, demonstrated that the association between aldosterone and heart failure was modestly stronger in blacks compared with whites. For every SD increase in log-transformed aldosterone levels, the adjusted HR for CHF was 1.35 (95% confidence interval [CI], 1.08-1.69) in blacks and 1.19 (95% CI, 0.93-1.53) in whites. In addition, aldosterone was a stronger risk factor for incident heart failure in men compared with women (HR in men, 1.43; 95% CI, 1.16-1.76; HR in women, 0.98; 95% CI, 0.78-1.22; P interaction, 0.015).
For the evaluation of ESRD, we did not detect an interaction between aldosterone and race (P interaction >0.10). Subgroup analyses, however, also demonstrated that an association between aldosterone and ESRD was present in blacks and not whites. The HR for ESRD was 1.18 (95% CI, 1.04-1.35) per SD increase in aldosterone in blacks and 1.03 (95% CI, 0.88-1.21) in whites. All other interaction tests, which have not already been described above, between aldosterone and race, sex, eGFR, or use of RAAS medications or loop diuretics for the prediction of each of the 4 outcomes (death, ESRD, incident CHF, and incident atherosclerotic events) were not significant.
Discussion
Among participants enrolled in the CRIC Study, serum aldosterone concentrations were marginally associated with incident heart failure; however, they were not an independent risk factor for all-cause mortality, ESRD, or atherosclerotic events. In exploratory analysis, aldosterone was a stronger risk factor for CHF in men compared with women. Although the race interactions were not significant, aldosterone concentrations seemed to be a stronger risk factor for heart failure and ESRD in blacks compared with whites. To our knowledge, this study is one of the first to evaluate systematically associations of aldosterone with cardiorenal events in a well-characterized population of CKD participants.
Our data are in contrast to prior studies that have reported an association between aldosterone and mortality and cardiovascular events in patients with advanced heart failure, 18, 19 acute myocardial infarction, 20 and coronary artery disease. [21] [22] [23] The lack of a strong association between aldosterone and death and cardiorenal events in our study may stem from underlying RAAS dysregulation that is already present in the setting of CKD. CHF indicates congestive heart failure; CI, confidence interval; CRIC, Chronic Renal Insufficiency Cohort; ESRD, end-stage renal disease; FGF, fibroblast growth factor; and HR, hazard ratio.
*Adjusted for age, sex, race, clinical center, diabetes mellitus, systolic blood pressure, history of cardiovascular disease, estimated glomerular filtration rate (eGFR), urinary protein (24-h sample), urinary sodium excretion (24-h sample), urinary sodium-to-potassium ratio (24-h sample), hemoglobin, serum albumin, serum potassium, angiotensin-converting enzyme (ACE) inhibitor/angiotensin receptor blocker (ARB) use, mineralocorticoid receptor blocker use, loop diuretic use, statin, and log N-terminal pro-B-type natriuretic peptide (NT-proBNP).
†Adjusted for age, sex, race, clinical center, diabetes mellitus, systolic blood pressure, eGFR, urinary protein (24-h sample), urinary sodium excretion (24-h sample), urinary sodium-to-potassium ratio (24-h sample), hemoglobin, serum albumin, serum potassium, ACE inhibitor/ARB use, mineralocorticoid receptor blocker use, loop diuretic use, statin, and log NT-proBNP. July 2014 upregulation of adrenal CYP11β2 (aldosterone synthase) mRNA expression. 24 These models have elevated aldosterone concentrations and adrenal hypertrophy that precede the development of hypertension, proteinuria, and glomerulosclerosis. 25 Although cross-sectional, we detected a reduction in eGFR and increase in proteinuria across aldosterone quartiles. Because all participants in CRIC have CKD, it is possible that merely universal dysregulation in RAAS limits the use of serum aldosterone to prognosticate mortality risk in individuals with CKD.
Aldosterone levels are an independent risk factor for incident heart failure. RAAS activation and elevations in aldosterone concentrations induce inflammatory and oxidative stresses that result in cardiac fibrosis. 26, 27 These effects are known to occur despite high or low renin levels. 28 In addition, although the RAAS is regulated by cardiac function and intravascular volume, our findings suggest that the aldosterone-incident heart failure link is independent of cardiac strain, kidney function, and total body water. We adjusted for NT-proBNP that represents neurohormonal activation and is secreted from cardiac myocytes in response to increased myocardial pressures and volume. 29 In addition, we assessed volume status by adjusting for loop diuretic use, 24-hour sodium excretion, and the 24-hour sodium-to-potassium ratio. Sodium excretion partially reflects total body sodium and water content, although recent work suggests that rhythmic changes in the neuroendocrine axis regulate aldosterone concentrations and subsequently sodium content. 30 Further work should assess whether aldosterone profiling can identify patients with CKD who are at the highest risk of developing CHF.
Most of the previous large-scale studies that have evaluated the association between aldosterone and mortality and cardiovascular risk have enrolled predominantly white participants with relatively preserved kidney function. [18] [19] [20] [21] [22] Our analysis included 1606 black participants in whom stratified analysis demonstrated a slightly higher risk of incident heart failure and ESRD. Although the interaction testing was not significant, previous small-scale studies have demonstrated the significance of aldosterone in individuals of African ancestry with hypertension. 31 Specifically, plasma aldosterone levels have correlated with blood pressure and left ventricular mass in blacks but not in whites. 32 More extensive work is necessary to determine whether RAAS activation comprises one of the primary pathways implicated in the disproportionately higher rates of ESRD, CHF, hypertension, and left ventricular hypertrophy observed in blacks.
Implications for Future Clinical Trials
Our study was an observational cohort designed to provide novel insights into the relationship of the RAAS and clinical outcomes in individuals with CKD. Although aldosterone has limited ability in prognosticating risk among CKD individuals, clinical trials to evaluate the use of MRBs in the CKD population are strongly needed. Activation of the mineralocorticoid receptor may still occur through circulating cortisol and subsequently contribute to cardiovascular injury in individuals with CKD. 33, 34 In CKD, the enzyme 11 β hydroxysteroid dehydrogenase type 2, which usually inactivates cortisol to its metabolite, has reduced activity and results in cortisol concentrations that are 100-to 1000-fold higher than aldosterone concentrations. 35 As a result, the mineralocorticoid receptor is activated and can result in cardiovascular injury through multiple mechanisms described previously. MRBs block the actions of both cortisol and aldosterone and might explain why they remain effective in heart failure populations with normal aldosterone levels. 36, 37 Furthermore, a randomized controlled trial conducted in the early stages of CKD demonstrated that adding spironolactone to an ACE inhibitor or ARB reduced left ventricular mass and arterial stiffness. 38 More recently, the efficacy and safety of spironolactone were evaluated in an open-label, randomized trial among patients with ESRD on hemodialysis in the Dialysis Outcomes Heart Failure Aldactone Study. Although this trial enrolled a limited number of participants and was not blinded, it demonstrated a reduction in death or hospitalization from cardiovascular events. 39 Future, prospective studies should evaluate the use of MRBs in patients with a greater range of CKD and not just those individuals on dialysis.
Several limitations of this study deserve mention. We did not measure serum renin and, therefore, could not use the aldosterone-to-renin ratio to differentiate cases of primary versus secondary aldosteronism. However, we have highlighted prior work that suggests a direct link between kidney disease and increases in aldosterone production. In addition, we did not measure cortisol in the CRIC study and have specified how mineralocorticoid receptor activation and a subsequent rise in cardiovascular risk may still occur, despite the current findings. Furthermore, aldosterone was only measured at one visit and a single time point in this study, making it impossible to assess immediate and long-term changes. Variations in aldosterone concentrations occur throughout the day based on salt intake, body positioning, and other physiological parameters. The use of a 24-hour urine collection for aldosterone determination at serial intervals throughout the study follow-up period would be the most reliable means of assessing aldosterone levels in CRIC. Finally, we did not collect the duration of ACE inhibitor/ARB therapy among the majority of participants who were on such therapies at the baseline visit. As a result, we could not compare the significance of elevated aldosterone concentrations between participants who had been on RAAS inhibitors and subsequently developed the aldosterone escape phenomena to those that had never been on an ACE inhibitor/ARB.
The strengths of our study include the use of a large, well-characterized, multiracial cohort with rigorous adjudication of cardiorenal end points and detailed characterization of markers of renal physiology and function. Aldosterone was measured at a single laboratory using a well-validated assay.
Perspectives
The current analyses suggest that higher aldosterone concentrations had a modest, independent association with incident heart failure in black and white participants with CKD. Aldosterone, however, was not an independent risk factor for death, ESRD, or atherosclerotic events. This assessment is one of the first systematic evaluations of aldosterone as a potential risk factor for cardiorenal events in the CKD population. Further research is necessary to understand whether inhibition of RAAS activity can prevent heart failure and other cardiorenal events in the CKD population and whether RAAS activity can be implicated in explaining the disproportionately higher risk of cardiorenal events in blacks compared with whites.
SERUM ALDOSTERONE AND DEATH, END STAGE RENAL DISEASE AND CARDIOVASCULAR EVENTS IN BLACKS AND WHITES: FINDINGS FROM THE CRIC STUDY
